In this study, we examined whether enriched environment (EE) housing has direct neuroprotective effects on oxidative damage following transient global cerebral ischemia. Fifty-two adult male Wistar rats were included in the study and received either ischemia or sham surgery. Once fully awake, rats in each group were randomly assigned to either: EE housing or socially paired housing (CON). Animals remained in their assigned environment for 7 days, and then were killed. Our data showed that glutamate receptor expression was significantly higher in the hippocampus of the ischemia CON group than in the ischemia EE group. Furthermore, the oxidative DNA damage, protein oxidation, and neurodegeneration in the hippocampus of the ischemia CON group were significantly increased compared to the ischemia EE group. These results suggest that EE housing possibly modulated the ischemia-induced glutamate excitotoxicity, which then attenuated the oxidative damage and neurodegeneration in the ischemia EE rats.
Introduction

U
nder normal conditions, the reactive oxygen radicals produced during cerebral metabolism are scavenged by the brain's endogenous antioxidative defense mechanisms (Chan, 2001; Wang and Michaelis, 2010) . However, in cerebral ischemia-reperfusion injuries, these endogenous antioxidative defenses are likely to be perturbed, leading to increased oxidative stress (i.e., production of reactive oxygen radicals exceeds the brain's scavenging ability). The brain is particularly susceptible to damage caused by oxidative stress because it has a very high oxygen consumption ratio and levels of endogenous antioxidant enzymes in neurons are relatively low (Candelario-Jalil et al., 2001; Taylor and Crack, 2004) . The increased production of reactive oxygen species (ROS) in cerebral ischemia, with or without reperfusion, can arise from several factors such as: overstimulation of Nmethyl-d-aspartate receptors (NMDAR) caused by excessive glutamate release (Culcasi et al., 1994; Lafon-Cazal et al., 1993) , activation of nitric oxide synthase (Iadecola et al., 1996) , metabolism of free fatty acids-particularly arachidonic acidreleased during ischemia (Fang et al., 2008) , and migration of neutrophils and leukocytes, which can generate superoxide anions (Matsuo et al., 1995) . However, the major factor that appears to trigger ischemia-induced oxidative stress is glutamate excitotoxicity resulting from excessive glutamate release extracellularly (reviewed in [Choi and Rothman, 1990] ).
The ROS produced during oxidative stress target cellular proteins for oxidation, and levels of carbonyl are an estimate of oxidative damage to proteins. Accumulation of oxidized proteins can lead to loss of protein function, abnormal protein turnover, interference with cell cycle, imbalance of cellular redox potential, and, eventually, cell death (Hu et al., 2000; Kannan and Jain, 2000) . Moreover, oxidative stress can cause damage to DNA either in their structure (i.e., strand breaks) and/or modification of their bases. 8-hydroxy-2¢-deoxyguanosine is one of the most common adducts formed from the reaction of oxyradicals with DNA (Cardozo-Pelaez et al., 2000) and unrepaired DNA lesions usually lead to the impairment in transcription and protein synthesis, which can be deleterious especially for terminally differentiated cells such as neurons.
Attenuation of cerebral ischemia-induced oxidative damage is mostly demonstrated in studies that focus on use of antioxidants. Studies on use of dietary antioxidant supplements such as curcumin and other polyphenols show decreased development of ischemia-induced delayed neuronal death and enhanced redox regulatory system in the mammalian brain, suggesting the beneficial effects of these nutrients (Sharma et al. 2001; Wang et al. 2002 Wang et al. , 2005 Wang et al. , 2008 . However, one therapeutic strategy that has been overlooked in cerebral ischemia and oxidative stress studies is the use of enriched environment (EE) housing. Compelling evidence exists for the influence of EE housing on enhanced neuronal growth and restructuring and recovery following central nervous system (CNS) injury (Briones et al., 2000 (Briones et al., , 2004 (Briones et al., , 2006a Saucier et al., 2010; Will et al. 2004; Xu et al., 2009 ;) yet little is known about whether EE housing has protective effects against oxidative damage. Interestingly, reports show that the neural plasticity seen after EE housing is mediated by glutamate through activation of NMDAR signaling (Andin et al., 2007; Li et al., 2007; (Wood et al., 2005) . Because glutamate excitoxicity is also implicated in the cerebral ischemiainduced cell death (reviewed in [Choi and Rothman 1990] ), we examined whether EE housing can reduce oxidative damage as a consequence of transient global cerebral ischemia, through the modulation NMDAR activation.
Methods
Cerebral ischemia
The four-vessel occlusion method was used to induce transient global cerebral ischemia as described previously (Briones et al., 2004) . Adult male Wistar rats 3-4 months of age (body weight of 350-375 g at the time of surgery) were used in the study. Briefly, rats were anesthetized with isofluorane/oxygen (2.5% isofluorane and 30% oxygen) mixture on the first day and an incision was made to isolate both common carotid arteries. Immediately following isolation of both carotid arteries, the vertebral arteries were electrocauterized. Body temperature was kept at 37-37.5°C using a heating pad during the surgical procedure and until the animals were fully recovered. The next day, both common carotid arteries were occluded for 12 min while the animals were awake. This period of carotid occlusion was used because it results in damage confined to the hippocampal area (Briones et al. 2000 (Briones et al. , 2005 . The criterion used to determine transient global cerebral ischemia was the bilateral loss of righting reflex within 2 min of occlusion. Animals that developed postoperative complications such as excessive weight loss ( > 20% of preoperative body weight, n = 2) were excluded from the study. In addition, pain level was assessed by observing for sluggishness, extreme aversion to being touched, and weight loss. Animals were not given any postoperative analgesia but were euthanized immediately when persistent pain was observed (n = 1). A total of 52 animals were included in the study. Sham-operated animals were subjected to the same anesthesia and surgery that consisted of a neck incision without carotid manipulation and an incision behind the occipital bone without cauterization of the vertebral arteries. All efforts were made to minimize animal distress and to reduce the number of animals used. Experimental protocols in this study were approved by the Institutional Animal Care and Use Committee and in accordance with the National Institutes of Health guidelines.
Animal housing
Immediately upon recovery from anesthesia, rats were randomly placed in either: EE housing or paired housing (social controls). The rats remained in their assigned housing condition for 7 days. The 7-day housing period was chosen to capture information on the efficacy of the intervention following the acute recovery phase. All animals were housed in the same room under a 12 h light:12 h dark cycle and had free access to food and water. Room temperature was maintained at 22°-2°C and noise level was kept to a minimum. Animals in the EE group (n = 14 ischemia and n = 14 shams) were housed together in a sensory-rich living condition (wire cage measuring 2m · 1m · 1.65m) consisting of a variety of objects as described previously (Briones et al., 2004 (Briones et al., , 2006b ). In addition, these rats were placed each day in an open field (1.2 · 1.2 · 1.2 m) during the evening hours with a novel arrangement of toys and objects and allowed to explore for 30 min while the objects in the home cage were being changed. Objects in both EE housing and open field were changed daily to maintain novelty.
Animals assigned to the social control (CON) group (n = 14 ischemia and n = 10 shams) were housed in pairs in standard laboratory cages (16.5 · 22.5 · 13.5 cm). Although rats in this group were able to observe ongoing activity in the room, they did not receive any stimulation, and contact was limited to daily handling and routine cage changing. Paired housing was used to control for the social interaction effect of the enriched environment.
The day after the differential housing period, all rats were euthanized using CO 2 inhalation and the brains removed, cut in half sagitally, and immediately placed in liquid nitrogen until processed. Half of the brain was used for immunohistochemistry (detection of oxidative DNA damage) and Fluoro-Jade staining (detection of neurodegeneration) whereas the other half was used for Western blot analyses (detection of protein oxidation and NMDAR activation). The half used for immunohistochemistry was fixed in 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.3) overnight and then cryoprotected before sectioning.
Immunohistochemistry
The fixed brains were sectioned at 30 lm thickness using a cryostat, and tissue sections were obtained covering the entire hippocampal region in its rostro-caudal extension. Immunohistochemistry was performed using the free-floating method and tissues were first sequentially treated with 0.3% hydrogen peroxide in PBS for 30 min and 150 lM DNAsefree/ RNAse for 1 h at 37°C, then rinsed with 0.1M phosphate buffered saline (pH 7.3). After treatment, the tissues were rinsed and placed in the blocking solution of 3% serum, 0.1% Triton-X, and 1% bovine serum albumin for 1 h, then washed in phosphate buffered saline (PBS) followed by incubation for 48 h at 4°C in mouse anti-8-hydroxy-2¢-deoxyguanosine (1:100; QED Bioscience, San Diego, CA). The primary antibody was detected using preadsorbed biotinylated IgG secondary antibodies (1:200, Vector Laboratories, Burlingame, CA) for 1 h at room temperature. The tissues were then washed and incubated in avidin-biotin complex (ABC kit, Vector Laboratories, Burlingame, CA) for 1 h at room temperature. Immunoreactions were visualized by treatment of tissue sections with hydrogen peroxide and 3,3¢-diaminobenzidine (DAB) tetrahydrochloride in Tris buffer (pH 7.3) enhanced with nickel. After thorough rinsing, the tissue sections were mounted on gelatin-coated slides, dried, and coverslipped. Tissues from all experimental groups were run simultaneously and under identical conditions to ensure reproducibility of results. In addition, a pre-dilution test was performed to ensure specificity of the antibody, and negative 2486 BRIONES ET AL.
controls, involving deletion of the primary antibody, were used to rule out any nonspecific interactions. Quantification of oxidative DNA damage was determined by the surface area covered by 8-hydroxy-2¢-deoxyguanosine (8-OHdG) immunoreactivity using an area-fractionator grid defined by the StereoInvestigator (MicroBrightfield, Colchester, VT) computerized analysis system. This technique provided a methodical system for estimating the area occupied by 8-OHdG by counting regularly spaced fractions of the total hippocampal region. The counting frame was set to 80 · 120 lm, the scan grid was 340 · 340 lm, and the Cavalieri grid spacing was 30 lm at 40x magnification. The percentage of coverage in four sections was averaged to obtain a final estimate of oxidative DNA damage for each animal.
Western blot
NMDAR subumit 1 (NMDAR1) as well as phosphorylated NMDAR1 (p-NMDAR1) expression were examined using Western Blot analysis. Tissues were homogenized in extraction buffer (50 mM Tris, pH 7.2), 150 mM NaCl, 5 mM EDTA, protease inhibitor mixture (Sigma, St. Louis, MO), and 100 mM phenylmethylsulfonyl fluoride (Sigma, St. Louis, MO) using ground glass microhomogenizers. Following addition of 1% sodium dodecyl sulfate (SDS), the homogenates were centrifuged at 10,000 · g for 10 min. Aliqouts from the supernatant were removed for protein determination. The remaining supernatant was collected; mixed with solubilizer containing SDS, glycerine, EDTA, Tris, bromphenol blue, and dithiothreitol; boiled for 5 min at 95°C; and stored at -20°C until ready for use. Protein concentration in samples was determined using the BCA-Protein Assay (Pierce, Rockford, IL).
For analysis, equal amounts of protein (40 lg) from each rat were loaded and separated by SDS-PAGE gel electrophoresis in 8-16% acrylamide gradient gels. The protein bands then were electrophoretically transferred to nitrocellulose membranes (Amersham, Piscataway, NJ) using Towbin's buffer with 0.1 g/L SDS and 100 mL/L methanol added. After transfer, membranes were stained with 0.5% ponceau red to visualize total proteins, then destained. Nonspecific binding sites were blocked by incubation of the membranes for 1 h at room temperature in 5% powdered milk in Tris-buffered saline containing 0.5 mL/L Tween 20. After blocking, membranes were incubated overnight at 4°C with either: anti-NMDAR1 (1:500, Chemicon International, Temecula, CA) or anti-p-NMDAR1 (1:500, Chemicon International) with gentle agitation. Horseradish peroxidase-conjugated immunoglobulins were used as secondary antibodies (Sigma, St. Louis, MO) and the Super Signal chemiluminescense substrate kit (Pierce, Rockford, IL) were used to visualize immunoreactive bands. After visualization, the membranes were stained with Amido Black to qualitatively verify protein loading. A series of dilutions were performed and immunoblotted for each antibody, to establish that the relationship between protein band and intensity was linear over the range of band intensities observed in the samples. Band visualization was obtained by exposure of membranes to chemiluminescence (Kodak Biomax filmÔ). Samples were analyzed in quadruplicates, and measurements were averaged and used as one individual data point for statistical analysis. Quantification of differences in protein bands among samples was done using densitometric analysis (Scion Image Beta 4.0.2; Frederick, MD). Densitometric analysis was performed by standardizing experimental values according to the internal control values, where actin was used as an internal control. Densitometric values were calculated as: density of sample band/density of background. Values obtained were then converted to percent of sham control group.
To determine protein oxidation, the amount of oxidized proteins containing carbonyl groups was measured using an Oxyblot kit (Intergen, Purchase, NY) according to the manufacturer's instructions. Briefly, the protein sample processed from the hippocampus as described previously (10 lg) was reacted with 1X dinitrophenylhydrazine (DNPH) for 15 min followed by neutralization with a solution containing glycerol and b-mercaptoethanol. These samples were then electrophoresed on 8-16% acrylamide gradient gels and transferred to a nitrocellulose membrane. Nonspecific binding site blocking was done using 5% powdered milk in Tris-buffered saline containing 0.5 mL/L Tween 20 for 1 h at room temperature. After blocking, membranes were incubated overnight at 4°C with rabbit anti-DNPH antibody (1:150) then incubated in horseradish peroxidase-conjugated secondary antibody (Sigma, St. Louis, MO) and the immunocomplexes were visualized using the Super Signal chemiluminescense substrate kit (Pierce, Rockford, IL). Quantification of differences in immunoreactive bands was done using densitometric analysis (Scion Image Beta 4.0.2; Frederick, MD) from quadruplicate measurements of the samples. Densitometric analysis performed was similar to Western blots.
Fluoro-Jade staining
To assess the degree of neuronal loss caused by transient global cerebral ischemia, tissue sections adjacent to the ones used for immunohistochemistry were stained with FluoroJade. Sections were mounted on gelatin-coated slides, dried in a slide warmer, and then rehydrated in distilled water for 1 min followed by descending grades of alcohol for 3 min. Once rehydrated, the slides were placed in a Coplin Jar with 0.06% potassium permanganate for 15 min on a rotating platform. Pre-treatment with potassium permanganate was necessary to reduce background staining. After pre-treatment, the slides were rinsed in distilled water for 1 min and then transferred to the Fluoro-Jade staining solution (0.001% Fluoro-Jade in acetic acid) for 30 min, rinsed again in distilled water for 3 changes (1 min each) then air dried. Finally, sections were immersed in Histoclear and coverslipped using DPX mounting medium.
The stained sections were examined under an epifluorescence microscope (Nikon E800) with a FITC fluorescence filter cube and counting of degenerated neurons was done in the hippocampus proper (CA1-CA3 regions) but was restricted to the pyramidal layer. The optical fractionator method in the StereoInvestigator (MicroBrightfield, Colchester, VT) computerized analysis system was used for quantitative analysis and the sampling parameters used were as follows: counting frame area = 6200 lm 2 , area of the sampling fraction (ASF) = 0.10 lm 2 (disector frame area/square of the distance between disectors), section sampling fraction (SSF) = 0.125 (6 sections out of 48 total sections), the height of each disector was 20 lm, the guard height was 0.5 lm, and the thickness of the sampling fraction (TSF) = 0.67 lm (disector height/tissue section thickness). The total number of Fluoro-Jade-positive cells was then calculated as: the number of Fluoro-Jade stained cells counted (SQ -), multiplied by the inverse fraction of SSF, ASF, and TSF.
Statistical analysis
The SAS general linear model (SAS Institute, NC) procedures for two-way analysis of variance (ANOVA) were used to examine effects of experimental condition (ischemia groups versus sham groups), differential housing (EE versus CON), and experimental condition and differential housing interaction. When appropriate, the SAS CONTRAST statement was used for planned comparisons of the effects of experimental condition, differential housing, and the combination of experimental condition and differential housing (ischemia and differential housing versus sham and differential housing) on oxidative DNA damage, protein oxidation, and glutamate expression. Independent t-test was used to examine the effects of EE housing on neurodegeneration. All error bars represent -standard error of the mean (SEM) of the sample size used in the study. All slides used for analysis were coded to preclude experimenter bias.
Results
EE housing decreases neuronal degeneration in the dorsal hippocampal CA1
Because of the delayed nature of the neuronal death seen following transient cerebral ischemia, we examined whether EE housing during the early recovery period can attenuate injury-induced neurodegeneration. Our results show that ischemia-induced neuronal degeneration is evident in the Fluoro-Jade-stained cells with circumscribed damage in the CA1 pyramidal layer of the dorsal hippocampus (Fig. 1) , suggesting the selective degeneration of pyramidal neurons. The soma and dendritic processes show the most intense histofluorescent labeling. No Fluoro-Jade staining was seen in the ventral hippocampus, confirming and extending the reports on the relative anteroventral gradient vulnerability of hippocampal neurons to transient global cerebral ischemia (Abe et al., 1994; Kirino, 2000) . Moreover, we show significantly decreased number of Fluoro-Jade-positive cells in the EE-housed ischemic rats compared to the ischemic CON group (887 -91 vs. 1022 -104, p = 0.0412) suggesting the protective effects of environmental enrichment. No FluoroJade-stained cells were seen in the sham-operated animals.
EE housing modulates NMDAR1 and phosphorylated NMDAR1 levels
NMDARs are the most ubiquitously distributed ionotropic glutamate receptors throughout the brain, and play a fundamental role in excitatory neurotransmission (Gruart and Delgado-Garcia, 2007; Tsien et al., 1996) . However, excessive glutamate release overstimulates NMDAR, leading to excitotoxicity and neuronal death (reviewed in [Choi and Rothman 1990] ). Therefore, to determine whether EE housing can modulate transient global cerebral ischemia-induced FIG. 1. Representative photomicrographs of Fluoro-Jade staining in the sham (left panel), ischemia CON (middle panel), and ischemia EE (right panel) animals. SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bar = 100 lm.
FIG. 2. Representative Western blot of sham (S) and ischemia (I) groups (upper panel)
. NMDAR1 levels significantly increased in the ischemic rats compared to the sham groups but housing rats in EE after injury attenuated that upregulation (A). Significant elevation in NMDAR1 activity was also seen after ischemic injury but modulated by EE housing (posthoc comparison between ischemia EE and ischemia CON). Significant increase in NMDAR1 activity was also seen in the sham EE rats compared to the sham control animals (B). *p < 0.05, **p < 0.01. EE,enriched environment; CON, controls. glutamate activation, we examined levels of NMDAR1 and p-NMDAR1 (marker for NMDAR1 activity). Western blot results (Fig. 2) show that both ischemic groups have significantly increased levels of NMDAR1 and phosphorylated NMDAR1 (p-NMDAR1) compared to the sham groups ( p = 0.0335 and p = 0.0190, respectively). But post-hoc comparisons between the ischemic groups show that enriched housing after transient global cerebral ischemia modulated NMDAR1 ( p = 0.0248) and p-NMDAR1 levels ( p = 0.0210). In contrast, only levels of p-NMDAR1 but not NMDAR1 significantly increased in the sham EE-housed rats in comparison to the sham control animals ( p = 0.0371) suggesting upregulation in receptor activity but not levels of glutamate.
EE housing attenuates ischemia-induced oxidative damage
To determine whether EE housing can also attenuate oxidative damage induced by transient global cerebral ischemia, we examined levels of 8-OHdG and protein carbonyls in the hippocampus. Immunohistochemichemical results revealed that both ischemic groups have significantly increased levels of oxidative DNA damage ( p = 0.0341) compared to the sham animals (Fig. 3) . Futhermore, analysis of DNPH-derivatized carbonyl groups on oxidized proteins show significantly increased levels of protein oxidation in the ischemic rats ( p = 0.0391) when compared to the sham animals (Fig. 4) . But post-hoc comparisons between the ischemic groups show that EE housing immediately after transient global cerebral ischemia significantly minimized the levels of both oxidative DNA damage ( p = 0.0211) and oxidized proteins ( p = 0.0423).
In contrast, no significant group differences in levels of oxidative DNA damage and protein oxidation were seen in the sham groups. These results suggest that EE housing may have protective effects against the damaging consequences of cerebral ischemia-induced oxidative stress.
Discussion
In the present study, we show that EE housing immediately after transient global cerebral ischemic injury significantly decreased oxidative damage and neuronal degeneration in the hippocampus, probably through the modulation of glutamate activation. Ischemic brain injury and the reperfusion that follows trigger the activation of molecular events that can result in oxidative stress and subsequent neurodegeneration (Beckman and Koppenol, 1996; Hou and MacManus, 2002; Martin, 2008) . In transient global cerebral ischemia, the nature of neurodegeneration occurs in a delayed fashion suggesting the possibility that early intervention may be able to mitigate neuronal cell death. Indeed, our results show significant decrease in neurodegeneration in the hippocampus of ischemic rats housed in EE immediately following recovery compared to the ischemia control group. Our results parallel those of others that show that EE housing can lead to better preservation of pyramidal neurons in hippocampal CA1 (Belayev et al., 2003) following transient global cerebral ischemia. However, the current data are at odds with our earlier studies that demonstrate no significant difference in hippocampal neurodegeneration between the ischemia EE-housed and control animals (Briones et al., 2006a-c) . The discrepancy   FIG. 3 . Representative photomicrographs of 8-OHdG immunostaining in the ischemic animals taken from the CA3 area where most of the immunoreactivities were observed (upper panel). Significantly increased oxidative DNA damage was seen in the ischemic rats compared to the sham groups (bar graph). However, post-hoc comparisons between the ischemia EE and ischemia CON groups showed that housing rats in the enriched environment after injury significantly attenuated oxidative damage to DNA. *p < 0.05, **p < 0.01. EE, enriched environment; CON, controls; Isch, ischemia. Scale bar = 50 lm.
FIG. 4.
Representative oxyblot staining in the sham (S) and ischemia (I) groups (upper panel). Significantly increased protein carbonyl levels were seen in the ischemia group compared to shams. However, post-hoc comparisons between the ischemia EE and ischemia CON groups showed that housing rats in the enriched environment after ischemic injury resulted in a significant reduction in protein carbonylation. *p < 0.05, **p < 0.01. EE or E, enriched environment; CON or C, controls.
between the results of our earlier studies and the current data may be attributed to the timing of EE housing; that is, ischemic rats were housed in EE immediately following recovery in the current study, whereas in our earlier studies ischemic rats were housed 3 days following recovery when most of the evolution in ischemic damage had already occurred.
The protective effects of EE housing against neurodegeneration are still not fully understood. In the present study, we demonstrate significantly decreased oxidative DNA damage and protein carbonyl levels in the ischemic EE-housed animals when compared to the ischemia CON group, whereas sham animals did not demonstrate evidence of oxidative stress. Based on these findings, it is possible that the neuroprotective effects of EE may be caused by the attenuation of oxidative damage, given the role of oxidative stress in neurodegeneration. Nevertheless, our findings are in contrast with a recent report that did not show any EE effects in modulating levels of thiobarbituric acid reactive substances (marker for oxidative damage) and superoxide dismutase (antioxidant enzyme) in adult rats subjected to hypoxiaischemia as neonates (Pereira et al., 2009) . The difference in findings between our current project and the reports on the hypoxia-ischemia model may be explained by the timing of EE housing and evaluation of oxidative damage. That is, we housed ischemic rats in EE early in the recovery period and oxidative damage was measured 1 week later. On the other hand, rats in the hypoxia-ischemia model study were housed in EE 3 weeks after injury and measures of oxidative stress were evaluated 12 weeks after injury when brain plasticity mechanisms might have already taken place.
The mechanism whereby EE housing can decrease ischemia-induced oxidative damage has not been fully explored. Here we examined the pivotal role of glutamate signaling because of its involvement in both excitotoxicity and neural plasticity, and show that NMDAR1 expression and NMDAR1 activity significantly increased in ischemic rats compared to in the sham groups, but that EE housing after ischemic injury attenuated this upregulation. These findings are expected because the role of glutamate in cerebral ischemia-induced excitotoxicty is well documented (reviewed in [Ankarcrona et al., 1995; Choi and Rothman, 1990; ] ). These findings suggest the possibility that a threshold of glutamate upregulation exists beyond which cellular energy is depleted, resulting in neuronal cell death. The role of EE housing in preventing glutamate activation from exceeding the putative threshold may be caused by its ability to activate synaptic NMDARs. In transient global cerebral ischemia, NMDAR activation may be predominantly extrasynaptic but the activity-dependent activation of synaptic NMDAR triggered by housing rats in EE after ischemic injury may moderate extrasynaptic signaling. Synaptic NMDAR activation may also boost the antioxidant defenses of neurons by detoxifying peroxide and ROS through the thioredoxin-peroxiredoxin system (Papadia et al., 2008) . Although we did not separately examine extrasynaptic and synaptic NMDAR activation, the logic of the above reasoning is supported by our data on the increased neuronal survival seen in the ischemia EE-housed group.
Another finding in the present study that supports the protective effect of synaptic NMDAR activation is the different expression of p-NMDAR1 and NMDAR1 levels in the sham EE animals compared to the sham CON group. The difference in NMDAR1 and p-NMDAR1 levels in the intact rats housed in EE compared to the sham CON group suggest the possibility that activity-dependent NMDAR1 increases may be transient, but that synaptic NMDAR activity may be sustained to enhance neural plasticity. Evidence exists that in intact animals, EE housing can influence different forms of plasticity such as long-term potentiation, and learning and memory, and that a common mechanism involved in these processes is enhanced NMDAR activity (Artola et al., 2006; Cui et al., 2004 Cui et al., , 2005 . The role of NMDA receptors in enhancing plasticity is not surprising, given reports that increased synaptic NMDAR activity can activate the CREB pathway and upregulate brain-derived neutrophic factor expression (Crozier et al., 2008; Madara and Levine, 2008) .
Another possible mechanism whereby EE housing can minimize ischemia-induced oxidative damage is through the modulation of poly (ADP-ribose) polymerase-1 (PARP-1) activation. PARP-1 is an abundant nuclear protein and base excision repair enzyme found in most cells, residing within the nucleus and mitochondria, but can be present in the cytoplasm as well (Kauppinen and Swanson, 2007) . PARP-1 is activated in cerebral ischemic injury by single-stranded DNA breaks and PARP-1 activation stimulates poly ADPribosylation, which in turn leads to the formation of poly (ADP-ribose) (PAR) units that serve as protein-modifying agents (Eliasson et al., 1997; Endres et al., 1997) . Studies show that use of PARP-1 inhibitors can provide protection in cerebral ischemia-and reperfusion-related injuries (reviewed in [Moroni and Chiarugi, 2008] ). Although it is possible that EE housing may exert its protective effects against oxidative damage by inhibiting excessive PARP-1 activation, this relationship was not explored in the present study because analysis was performed beyond the time window of ROS-induced PARP-1 activation. That is, ROSinduced PARP-1 activation last between 24 and 48 h, after which it goes back to baseline, but brain tissues in the present study were analyzed 7 days after injury. Therefore, more controlled studies addressing this issue will be done in the future.
Conclusion
In sum, the present experiments provide evidence that housing rats in EE after cerebral ischemia may provide the brain some resiliency to insult. Specifically, modulation of oxidative damage and neurodegeneration in the ischemic EEhoused rats may have been mediated by the increased activation of synaptic NMDAR and the possible attenuation of excitotoxicity. Findings from our study indicates the importance of using strategies that can counteract some of the effects of cerebral ischemia by modulating the levels of molecular responses, possibly mitigating the damaging effects of secondary injury.
